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biological targets of UVR in living cells,
fresh insights into the role of protein
oxidation in photobiology have recently
come from extremophile bacteria such as
Deinococcus radiodurans, which is char-
acterized by an impressive ability to resist
extremely high doses of UVR (500 Jm2)
(Daly, 2012). Puzzlingly enough, the
extreme resistance of D. radiodurans
to UVR is not chiefly dependent on an
efficient DNA repair system (Daly, 2012).
By contrast, protection against protein
oxidative damage is the main mecha-
nism of D. radiodurans adaptation to
UVR exposure (Slade and Radman,
2011). Strikingly, other UVR-resistant spe-
cies like bdelloid rotifers have substan-
tially lower protein oxidation levels than
do sensitive organisms, despite a similar
yield of DNA double-strand breaks
following UVR exposure (Krisko et al.,
2012). Therefore, the resistance to UVR
critically depends on an efficient pro-
teome protection (but not DNA pro-
tection) against UVR-induced oxidation
(Krisko and Radman, 2010; Slade and
Radman, 2011). In general, extremo-
philes are able to achieve an excep-
tional resistance to UVR via simple non-
enzymatic antioxidant mechanisms con-
sisting of manganese ions complexed
either with low-molecular-weight pep-
tides (Daly, 2012) or trehalose (Webb
and DiRuggiero, 2012), which can pro-
tect the cell proteome from oxidation and
carbonylation due to their high
scavenging capacity (Slade and Radman,
2011).
Due to recent discoveries in the field of
UVR-resistant organisms, it is likely that
the next years will see a Copernican
Revolution in the field of photoprotection
as the research interest will shift from a
DNA-centered view of UVR-induced
damage to a protein-centered model
where a reduced resistance to UVR is
caused primarily by oxidative damage to
proteins, with consequential loss of main-
tenance activities including DNA repair
(Slade and Radman, 2011). This view is
not at all in antithesis with the proven
usefulness of DNA repair enzymes in
photoprotection (Berardesca et al., 2012;
Emanuele et al., 2013): enzymes are
indeed proteins, and thus supply the
function of endogenous repair proteins
oxidized by prolonged UVR exposure.
Such findings have important implica-
tions for skin carcinogenesis. Muller and
Woods (2013) have recently shown that
exposure to UVR elicits an activation of
DNA repair proteins aimed at counter-
acting the well-known detrimental effects
of UVR on the cell’s genome. Similarly,
Perluigi et al. (2010) have reported that a
relevant oxidation of specific proteins
occurs in UVB-irradiated human epithe-
lial keratinocytes. These dysfunctional
oxidized proteins might result in cell
homeostasis impairment and therefore
eventually promote carcinogenesis.
Besides traditional sunscreens, it is
likely that the future in photoprotection
and prevention of skin cancer will see at
least two exciting milestones, that is,
(1) the topical application of xenogenic
DNA repair enzymes (that may over-
come the reduced repaired capacity of
dysfunctional exogenous DNA repair
enzymes following oxidation due to
repeated UVR exposures); and (2) the
protection of the skin proteome against
oxidation, which would in turn preserve
the genomic integrity of keratinocytes.
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TO THE EDITOR
We thank Dr Emanuele (2014) for his
perceptive comments on our recent
paper (Gueranger et al., 2013). We
should point out, however, that it is
not our intention to displace DNA
from its starring role in the central
dogma of skin photobiology but rather
to suggest that DNA repair proteins
share the limelight. UVB-induced DNA
damage, cyclobutane pyrimidine dimersAccepted article preview online 3 February 2014; published online 27 February 2014
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(CPDs) and 6:4 pyrimidine:pyrimidone
(6:4 Py:Py) photoproducts, underlies
photosensitivity and skin carcino-
genesis. Mutations in skin cancers are
dominated by the transitions at dipyri-
midine sites (Pleasance et al., 2010;
Jayaraman et al., 2014), regarded as
the signature of these DNA lesions.
The same DNA lesions underlie the
exaggerated photosensitivity and skin
cancer risk in xeroderma pigmentosum
(XP) individuals. In XP, CPDs and 6:4
Py:Py photoproducts are exceptionally
persistent because nucleotide excision
repair (NER) is defective. The reversal of
photosensitivity and skin damage by
topically applied DNA repair enzymes
(Yarosh et al., 1996) also emphasizes
the important role of UVB-induced
DNA lesions and indicates that DNA
repair can be limiting.
What Gueranger et al. (2013) demon-
strated is that the human DNA repair
proteome—the enzymes that perform
DNA repair reactions—can be damaged
under conditions of oxidative stress and
that this decreases DNA repair effi-
ciency. As Dr Emanuele (2014) notes,
the vulnerability of human DNA repair
to oxidative stress is reminiscent of the
inverse relationship between radiation
resistance and protein oxidation among
certain extremophiles. Our observation
that oxidative stress can compromise
NER in human cells has implications
for skin cancer risk. Those experiments
were designed to mimic conditions in
the skin of patients taking thiopurines.
These patients are photosensitive and
have a greatly increased skin cancer risk
(Karran and Attard, 2008). Reactive
oxygen species (ROS) generated by
UVA and a DNA-embedded thiopurine
chromophore damage DNA repair
proteins and compromise repair effi-
ciency. This situation is of course un-
usual, not least because the ROS source
is within DNA. Whether UVA interacts
with other non-DNA-embedded chromo-
phores or with endogenous chromo-
phores to induce similar protein damage
remains to be determined. We would
like to suggest, however, that our
experiments amplify the DNA repair-
damaging effects of sunlight on normal
skin.
UVA irradiation influences the effi-
ciency of NER in human cells. Early
experiments (Smith and Paterson, 1982;
Keyes et al., 1983) in which the
biological effects of UVA, UVB, and
UVC were compared confirmed the
expected hypersensitivity of NER-defec-
tive XP cells to killing by UV between
254 and 315 nm. XP cells were
not more sensitive than normal cells
to UVA (4320 nm). Enninga et al.
(1986) demonstrated that muta-
tion and survival correlated with CPD
induction in human fibroblasts exposed
to monochromatic UVC or UVB radia-
tion. This relationship was not observed
for UVA and after 365 nm irradiation,
a UVA-induced CPD appeared to be
much more toxic and mutagenic than
the same lesion induced by shorter
wavelengths. Smith and Paterson
(1982) showed that although irradiation
of normal human fibroblasts with UVC
elicited unscheduled DNA synthesis
(UDS, an indirect measure of NER),
similar numbers of CPDs induced by
UVA (365 nm) did not. They also
showed that UVA irradiation could
significantly inhibit UDS induction by
UVC. At the time, it seemed plausible
that the discrepant findings for UVA
reflected differences in the kinds of
DNA lesions induced by UVA and
shorter wavelength UV. Since then, we
have learned much more about the
effects of UVA on DNA (Cadet et al.,
2012) but no obvious candidate lethal/
mutagenic lesions have been identified.
More recent findings in a variety of
experimental cell systems confirm that,
despite being predominantly the intrin-
sically less mutagenic To4T type,
UVA-induced CPDs appear more
mutagenic than those induced by UVC
(Biverstal et al., 2008) and equally
mutagenic UVA and UVB doses are
associated with very different CPD
levels (Runger et al., 2011). Importa-
ntly, CPDs induced by UVA persist
longer than identical lesions induced
by UVB (Mouret et al., 2006). These
observations all point to a UVA-
mediated reduction in NER efficiency.
Consistent with UVA-induced damage
to a non-DNA target, when DNA is
irradiated in vitro and transformed into
bacteria, the biological effects of UVC-,
UVB-, or sunlight-induced CPDs are
indistinguishable (Schuch and Menck,
2010).
The effects of solar UV on human cells
are not fully explained by the simple
sum of the DNA lesions induced by the
component UVB and UVA. We propose
that UVA exacerbates the effects of DNA
damage induced by sunlight UVB. It
does this independently of its ability to
damage DNA. One way that it might do
this is by oxidation of components of the
DNA repair proteome.
The primacy of DNA, its damage and
repair, in skin photobiology remains
unchallenged but the DNA proteome is
revealed as a second important target.
UVA can compromise the essential pro-
tection that DNA repair provides against
skin cancer. Our experiments revealed
damage to DNA repair proteins because
an exogenous chromophore provided
a source of singlet oxygen (1O2) (Ren
et al., 2010) that exaggerated the effects
of UVA. In skin, UVA interacts con-
tinuously with endogenous cellular
chromophores to generate 1O2—a form
of ROS that is particularly damaging to
proteins. This suggests that DNA repair
in sun-exposed skin might be chroni-
cally, albeit mildly, attenuated and the
protection against skin cancer afforded
by NER might be less than expected.
We note in this context that UVB
phototherapy has not so far been associ-
ated with an increased skin cancer risk
(Hearn et al., 2008; Osmancevic et al.,
2013). Perhaps pure UVB is less
dangerous than sunlight? Our findings
do have significant implications for
photoprotection. In order to avoid
harmful effects of the sun, including
skin cancer, UVA photoprotection is
likely to be at least as important as
protection against UVB. In this regard,
the use of appropriately balanced
UVAþUVB sunscreens that absorb
throughout the solar UV spectrum and
provide adequate UVA protection
should be encouraged.
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Sequence of Cutaneous Squamous Cell Carcinoma
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TO THE EDITOR
Cutaneous squamous cell carcinoma
(cSCC) is the second most common type
of non-melanoma skin cancer and is
dramatically increased in the setting
of immunosuppression such as organ
transplantation (Hartevelt et al., 1990;
Jensen et al., 1999; Lindelof et al., 2000;
Grulich et al., 2007). This magnitude
of increase is similar to that seen in virus-
related cancers, such as human herpes-
virus-8-mediated Kaposi’s sarcoma and
Epstein-Barr virus-related lymphoma
(Vajdic et al., 2006). There have been
multiple attempts to define a viral etio-
logy for cSCC and to link cSCC with
human papillomavirus (HPV). There is a
clear epidemiologic association between
HPV and cSCC (Aldabagh et al., 2012),
but detection has been limited to viral
DNA. Two studies have demonstrated
the absence of viral transcription in cSCC
RNAseq data, confirming that direct
viral transformation of keratinocytes is
not required for maintenance of tumor
(Arron et al., 2011; Ganzenmueller et al.,
2012). These data suggest that, if there
is a viral pathogen causing cSCC, the
mechanism of carcinogenesis is not
simply through expression of viral
oncogenes.
This raises the possibility of alternate
mechanisms of oncogenesis, including
insertional mutagenesis, in which viral
integration into the genome disrupts
human genes of cell cycle regulation
(Leib-Mosch et al., 1990). This would be
unlikely for a papillomavirus, but high-
risk a-papillomaviridae do aberrantly
integrate as part of cervical onco-
genesis (Wentzensen et al., 2004), and
it is possible that cutaneous b-papillo-
maviridae do the same. Alternately,
DNA from a previously undetected virus
may be integrated into the genome or
persist as extragenomic DNA. We used
a newly published software package,
Integrated Metagenomic Sequence Ana-
lysis (IMSA) (Dimon et al., 2013), to
address the hypothesis that HPV or
another virus may be integrated into the
cSCC genome or otherwise present in
cancer DNA.
Exome sequence from 12 cSCC and
patient-matched normal skin were
obtained from a previously reported
study (Durinck et al., 2011). Exome
sequence from the MCF7 breast cancer
cell line was used as a negative control.Accepted article preview online 30 January 2014; published online 27 February 2014
Abbreviations: cSCC, cutaneous squamous cell carcinoma; HPV, human papillomavirus; IMSA, integrated
metagenomic sequence analysis; TTV, Torque teno virus; WGS, whole-genome sequencing
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